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I. Introduction
COUSTIC resonances in ducts with closed side branches have a significant impact on the design of piping layouts in gas transport systems. The occurrence of these resonances can indeed lead to severe structural vibrations, affecting the production of gas.
Because of this large impact, configurations characterized by multiple side branches along a main pipe have been extensively studied during the last decades [1] [2] [3] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . For such particular configurations, when a flow grazes in the main pipe, small perturbations in the shear layer which spans the mouth of the cavity can be amplified. Due to the convection of the unsteady shear layer vorticity in the sound field, sound power is produced. For resonant conditions, i.e. the unstable shear layer is at the frequency of the acoustic field, the hydrodynamic field is strongly coupled with the acoustic one, the resonant sound field is enhanced. In turn, standing pressure waves excite the shear layer, forming large scale vortex-like structures. This mechanism loop [18] [19] [20] [21] [22] [23] [24] [25] between the unstable flow and the resonant sound can be strong and the amplitude of pressure pulsations, the so-called Flow-Induced Pulsations, can be so high that they induce vibrations and, over time, acoustic fatigue failures. 1 Fluid dynamics and Heat transfer, TNO. 2 Fluid dynamics and Heat transfer, TNO, Senior Member AIAA.
A
Depending on the combination of the side branches along the main pipe, different levels of pressure amplitudes are recorded 6, 7 . Because of the occurrence of (nearly) trapped acoustic modes, configurations with multiple side branches are very often studied. Moreover, some configurations with two closed side branches are used as academic prototypes, the acoustic pressure distribution being well known. Two typical tested configurations are the tandem configuration and the cross configuration, whose pressure distribution is shown in Figure 1 . The tandem configuration (a) is a resonator characterized by the relative distance between the two side branches which is equal to the double of the length of each closed side branch, while for the cross configuration (b), the two closed side branches are aligned. Concerning the cross configuration, the first resonance acoustic mode is characterized by a half wavelength and the standing pressure wave has maxima at the closed ends of the side branches and the node (pressure equal to zero) at the cross connection.
To the author's knowledge, there are few studies on the effect of water on acoustics in piping systems. The presence of liquid was showed to reduce or eliminate Flow-Induced Pulsations in closed side branch resonators, [1] [2] [3] and in corrugated pipes [4] [5] . Recently, Shoeibi Omrani et al. 2 performed experiments with wet gas on the "tandem configuration" (Figure 1a ). Water was injected in droplet form in the main pipe and pulsations were measured at the closed end of each side branch. Other investigations on the tandem configuration have been done by Sanna and Golliard 1 . In order to avoid a number of uncertainties regarding the gas/water flow behavior inherent to the tandem configuration, the resonator chosen for this experimental study is a closed side branch system in quasi-cross configuration. This configuration is similar to the cross configuration, but the two side branches of equal length are separated by a relative distance much smaller than the length of the side branches. In spite of this difference, the aeroacoustic behavior of the quasi-cross configuration is very similar 16 to the one of the cross configuration 8 since the spacing is small compared to the acoustic wavelength of the first acoustic mode. The amount of injected water can be at maximum about six times more than the one injected by Shoeibi Omrani et al.
.
The gas velocity is in the range 11-21 m/s while Shoeibi Omrani et al. 2 conducted experiments in the range 20-60 m/s. Pressure amplitudes are measured at the closed end of each side branch. Two positions of the spray nozzle used for water injection are considered. In general, the flow pattern depends on the water and gas velocities. Figure 2 shows the flow pattern map for a fully developed flow of a mixture of air and water in a smooth horizontal pipe with a diameter of 52.5 mm. According to this flow map, for the velocity ranges considered here, the flow is stratified-wavy, and possibly annular with droplets at the highest flow rates. Depending on the location of the injector, i.e. the distance between the injection point and the upstream side branch, the type of flow at the T-junction is different. Indeed, if the distance is large, the droplets will deposit on the walls of the tubing and the flow has time to develop to its natural flowing pattern at the given conditions (as estimated in the flow map of Figure 2 ). If the injector is very close to the T-junction, small droplets sprayed by the nozzle are still in the bulk of the flow, and the droplets which have deposited on the walls are still distributed on the full circumference of the pipe. An important aspect regarding the gas velocity is the ratio of the pipe cross-section occupied by the liquid phase, which is called the liquid volume fraction or the liquid hold-up. At high injection rates, the effect of hold-up can play a determinant role and the effective gas velocity is larger. For that reason, two velocities are normally used: the superficial and the actual velocities. The superficial velocity is defined as the velocity a phase (gas or liquid) would obtain when flowing alone in a pipe. The actual velocity of one phase takes into account the ratio of cross section area occupied by this phase to the total cross-section area of the pipe (the phase hold-up).
II. Experimental technique
Three sets of experiments are conducted: while the first is only with dry gas, the other two are with liquid injection, respectively once with the liquid injector far upstream and the second time with the injector close by the upstream side branch.
Each experiment consists of measuring pressure pulsations at the closed end of the two closed side branches. Concerning dry gas, only air flow is flowing in the main pipe with a velocity in the range 11-20 m/s. For experiments with wet gas, different and constant injection rates Q L (up to 10 -4 m 3 /s) are mixed together with air in the main pipe. To vary the desired injection rate, a different nozzle is installed in the main pipe. Furthermore, in order to understand the relation between the flow pattern and the pressures amplitudes, i.e. the Flow-Induced Pulsations trend, a camera is used to record videos.
A. Supply system
The experimental equipment located in the TNO laboratories (Delft) consists of an open circuit system. By using three screw compressors air is driven from a pressure vessel (7 barg) towards two flow control valves (FCV) through one of three reference metering lines. Each line is equipped with flow meter, pressure and temperature transducers. By regulating the flow mass rate of air, the air velocity in the system can be adjusted. At this stage, air is at atmospheric pressure. Immediately upstream of the test facility shown in Figure 3 , the supply system is provided also by a silencer, which aims at reducing the noise generated by the FCV.
B. Test facility
Two identical cylindrical vessels set the boundary conditions of the experimental facility, working as expansion chambers. Figure 3 and Table 1 provide their location and the distance from the two side branches. The length and the inner diameter of each expansion chamber are respectively 0.475 m and 0.18 m, while the ratio of the radius of the pipe to the radius of the expansion chamber is 0.272. Their reflection coefficients were measured and, at around 160 Hz, they are equal to around 0.7. The downstream vessel is also used as an air/water separator to drive the water from the system to the sink.
A main pipe drives the air flow from the upstream vessel to the downstream one. It is a transparent smooth PVC pipe and its inner diameter D mp is equal to 52.5 mm. Two T-junctions are mounted along the main pipe, whose 3D sketch is shown in Figure 4 . The two branches are both mounted upwards to avoid the accumulation of water due to the gravity. Moreover, the angle between the axes of the two side branches is equal to 90° (Figure 4 ), which prevents turbulence possibly generated by the upstream T-junction to disturb the shear layer at the downstream T-junction. The inner diameter of each side branch D sb is equal to 44 mm. The geometrical lengths of each side branch are D1 and D2. They are defined as the length between the closed end and the main pipe inner surface. They can be easily tuned by using a piston mechanism designed on purpose to slightly vary the physical lengths of the resonator. Lengths were only tuned for the tests reported in the companion paper 1 and were used also for this experimental work. The length corrections provided in Table 1 for the lengths D1 and D2 correspond to the length corrections as provided by Neederveen et al. 9 . The material of each T-junction is PVC and the edges of the T-junctions with the main pipe are sharp.
The middle distance between the axes of the two side branches B is fixed and equal to 0.07 m. A and C (see Figure 3 ) are respectively the upstream and downstream lengths. A is defined as the length between the axis of the upstream side branch and the upstream expansion chamber. C is defined as the distance between the axis of the downstream side branch and the downstream vessel. They were decided aiming at having minimal interference with other acoustic resonances. For this purpose, an acoustic-No flow-1D model based on lumped elements (straight pipe, T-junction, area expansion, closed end) [27] [28] [29] [30] [31] was used. According to the built model, their lengths are both equal to 25 D mp . However, only for the upstream length A, a sufficient multiphase flow development length (only for the quasi-cross configuration, Far Injector), is required. Depending on the diameter of formed droplets, several tens of diameters are necessary to reach the equilibrium. Even larger development lengths are needed for annular flow 32 . The length found with the acoustic model is deemed sufficient since only a limited reentrainment is expected 33 . For these investigations, the length D can be changed. It defines the injector location (Figure 3) , i.e. the distance between the axis of upstream side branch and the injector.
Geometrical and corrected lengths of the setup are provided in Table 1 . The lengths A and C (the added acoustic length between the main pipe and the vessels) were adjusted with the model proposed by Aurégan 34 . A water injector is used to spray water droplets in the main pipe. Different types of nozzle of the series BETE-PJ and BETE-P are here installed and they are used to inject different amounts of liquid into the system 35 . Table 2 shows nozzle used for each flow rate tested. The size of spread droplets is 50 µm for the Series BETE-PJ and in the range 25-400 µm for the Series BETE-P. The volume flow rate Q L [l/min] is regulated by using a needle valve. From an external tank, water is driven to the injector through a pump Nilfisk C125.3.
C. Instrumentation

Sensors
Unsteady pressure measurements are conducted with two flush-mounted piezometric sensors (PCB Piezotronics Pressure Division) type 116A located at the closed end of the two side branches.
Two static Rosemount pressure sensors and two identical temperature probes Tempcontrol-PT100 are located at the upstream vessel and at the downstream vessel.
A pressure sensor mounted in the injector measures the inlet pressure of the nozzle p nozzle . It is used to estimate the flow injection rates Q L .
Data acquisition
Pressure signals are recorded by a DEWETRON 801 (48 channels) acquisition system at acquisition frequency of 20,000 Hz for a total time of 30 seconds.
The software DEWETRON 6.6.7 is used to store the signals and the FFT (Fast Fourier Transform) is used to compute the spectrum of pressure measurements. Data were processed in the MATLAB environment and the peak amplitude is considered.
With a dewe-cam-fw-70 camera, videos were recorded to understand whether the flow pattern could have some influence on FIPs.
III. Results
Each measurement consists of injecting a constant amount of water and of increasing the gas velocity. The peak amplitudes and the corresponding frequency are considered.
A. Far Injector
Dry gas
In Figure 5 , the results for dry gas are presented. In the range of velocities between 12 m/s and 21 m/s, the pulsations corresponding to the first acoustic mode are analyzed. In this range, the maximum peak occurs at around 16.5 m/s. The peak of the dimensional pulsation amplitudes observed for this "quasi-cross" configuration for dry gas is more than the 50% higher than the peak for the "tandem configuration" observed in parallel experiments 1 . Because of a shorter overall length of the resonators (half an acoustic wavelength instead of a full acoustic wavelength), the lower acoustical damping (viscous-thermal losses) is the responsible of such a high increase.
The measured frequency corresponding to the peak of the pressure pulsations is equal to 163 Hz, which is close to the theoretical frequency of 160 Hz. The latter is calculated by using the speed of sound estimated from gas temperature measurements at the downstream vessel ( Figure 3) The peak of pulsations corresponds to a Strouhal number of 0.43 ( Figure 6 ). This is in line with the results of Shoeibi Omrani et al. 2 .
2. Wet gas According to Table 2 , different amounts of liquid (up to 6000 ml/min) were injected with different nozzles at the center of the main pipe through an injector located far from the upstream side branch.
The effect of the liquid on the non-dimensional pulsations is presented in Figure 8 . The pressure pulsations are made dimensionless by using the (gas only) density, the speed of sound calculated through the temperature measured at the downstream vessel (see Figure  3) and the upstream velocity.
Two different behaviors can be distinguished, respectively at low (up to 1800 ml/min) and high injection rates (1800-6000 ml/min).
In the range of injection rates 0-1800 ml/min, neither a significant decrease of pulsations can be seen, nor a shift in the peak velocity. In this configuration of two side branches along a main pipe, the injection rate seems not to have significant effect on pulsation amplitudes. Indeed, the non-dimensional pressure amplitude corresponding to the peak at 1800 ml/min is the 87% of the non-dimensional pressure amplitude corresponding for dry gas.
At high injection rates (1800-6000 ml/min), Figure 8 shows that no clear trend can be distinguished. A 15% decrease between the velocity corresponding to the non-dimensional pulsation peak for dry gas and 6000 ml/min is reported. The shift of the peak to lower velocities was also reported by Sanna and Golliard in experiments on the "tandem configuration" 1 and it was equal to 18%. Nevertheless, the shift for the configuration here analyzed is less significant. Furthermore, for high injection rates (Q L > 1800 ml/min), the pulsation amplitudes corresponding to the peak are higher than the peak pulsation measured for dry gas (Q L = 0 ml/min). Pulsations first increase and then decrease with an increase in the Q L .
Concerning the frequency at the peak of the pulsations, it decreases while the flow rate increases. Only at 6000 ml/min (10 -4 m 3 /s) an increase of half Hertz is observed (Figure 7) . Finally, at high injection rates, the Strouhal number increases. According to visualizations, the flow is even at high injection rates wavy stratified. This is in line with the flow pattern map shown in Figure 2 .
As said before, at high injection rates the effect of hold-up can play a determinant role, because of the reduction of the effective area occupied by one phase. For that reason, Figure 9 shows the trend of Strouhal number both with superficial velocity (a) and with actual velocity (b). The latter is estimated with the one-dimensional multiphase flow simulation solver OLGA 36 , assuming a fully developed flow with a gas velocity equal to 17 m/s. As seen by comparison of the two plots of Figure 9 , the Strouhal number based on the actual velocity offers a better scaling.
B. Close Injector
The tests performed for the Far Injector were repeated also locating the injector close to the upstream side branch. Figure 10 shows the non-dimensional pulsations measured at the upstream side branch corresponding to dry gas with respect to the superficial gas velocity for the configuration with far and close injector.
Dry gas
A decrease of almost the 50% and a shift to lower velocities is observed. This decrease was also observed in the experimental investigation with the tandem configuration 1 . The nozzle is a large obstacle in the flow (aerodynamic blockage equal to 22.5%), which modifies the velocity profile of the flow at the T-junctions. This might cause the decrease in the pulsation amplitude. When the injector is located far from the upstream side branch (25 D mp ), the effect of this disturbance can be neglected.
The frequency corresponding to the peak is equal to 162.8 Hz.
Wet gas
The results concerning the non-dimensional pulsations are shown in Figure 11 .
Pulsations are completely eliminated at high injection rates. For amounts of liquid Q L larger than 400 ml/min, a decrease of pulsations higher than 60% is observed. With the injector close to the upstream side branch, a film of water is expected to be present at the wall. The thickness of the film at the top of the main pipe increases as the amount of liquid increases. The presence of the film can be the responsible of such a large decrease of pulsations. Furthermore, the shift of the peak to lower velocities reported for dry gas is also present with liquid. Note that, since the flow is not developed, it was not possible to evaluate the liquid hold-up (and thus the actual air velocity) for this configuration.
Concerning the frequency, contrary to the configuration with far injector, in the range 0-800 ml/min, the frequency does not decrease monotonically (Figure 12) . Furthermore, for close injector, frequencies are lower than frequencies measured with the injector located far from the side branch. Not all the frequencies are reported, since not a real peak of the non-dimensional pulsation is observed at high injection rates (Figure 12) .
The non-dimensional pulsations are plotted with respect to the Strouhal number in Figure 13 . The Strouhal increases while the amount of water injected increases. Also for the quasi-cross configuration, the Strouhal corresponding to the peak of the pulsations is in the range between 0.45 and 0.5. At high injection rates it is not possible to define any clear trend.
IV. Conclusion
Experiments have been performed to investigate the effects of water on Flow Induced Pulsations measured at the closed end of two side branches located at a short distance from each other along a main pipe. Tests were conducted both with the water injector located far from and close to the upstream side branch. Up to 10 -4 m 3 /s (6 l/min) of water were injected in air flowing in the main pipe at different velocities.
Concerning the configuration with injector located far from the upstream side branch, no decrease of pulsations is observed while the amount of injected water increases. At high injection rates, a shift of pulsation peak to lower velocities is reported. Together with the decrease of frequency of the peak, the increase of the Strouhal number is observed.
Regarding the close configuration, for amounts of water greater than 400 ml/min, a decrease larger than the 60% of pulsations is observed. Furthermore, at low injection rates, an increase of the Strouhal number is seen.
This experimental work proves that water injection can have significant effects of Flow-Induced Pulsations in pipe systems. The first analyses indicate that the multiphase flow pattern has a large influence on the outcomes. Indeed, with the injector located far upstream of the T-junction, the flow is developed (wavy stratified) and hardly any effect is observed on the Flow-Induced Pulsations. On the other hand, when the injector is close to the upstream side branch, the flow is "forced" to be annular with small droplets, and pulsations can be fully eliminated at high injection rates. Different multiphase flow parameters, such as the thickness of the liquid film at the upstream edge of the Tjunction, entrainment, droplets' size or the concentration, are expected to influence the source strength and the acoustic damping in the pipes. However, the interpretation of the tests presented in this paper is not complete since all the parameters could not be measured. For example, the flow profile, the thickness of the film or the droplet sizes are not known accurately for the injector located close to the side branches. Therefore, further experiments, including flow visualization, are being prepared to quantify these parameters.
